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Abstract

The effect of vertical confinement on the natural convection flow and heat transfer around a horizontal heated

cylinder is investigated. The flow characteristics and the time-resolved heat transfer have been measured respectively

above and around the cylinder. It is shown that the primary effect of the vertical confinement is an increase in heat flux

on the upper part of the cylinder for given separation distances between the cylinder and the fluid boundary. This

increase is shown to be related to the large-scale oscillation of the thermal plume. The relationship between the flow

pattern and the heat transfer characteristics at the cylinder surface is studied and the origin of the oscillation discussed.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Natural convection around a circular horizontal he-

ated cylinder has been extensively studied for the case in

which the cylinder is suspended in an infinite medium.

Correlations giving the Nusselt number as a function of

the Rayleigh number have been proposed for a wide

range of Rayleigh numbers, as summarized by Kitamura

et al. [1], for example. When the fluid medium around

the cylinder is vertically or horizontally confined, the

natural convection can be affected dramatically. For

instance, Karim et al. [2] have experimentally demon-

strated the influence of horizontal confinement on heat

transfer around a cylinder for Rayleigh numbers ranging

from 103 to 105. These authors found that the heat flux

around the cylinder increases with decreasing distance

between the cylinder and the enclosure wall. Cesini et al.

[3] carried out experiments similar to those of Karim et

al. [2] but found that the heat flux from the cylinder

reached a maximum for an optimal wall-to-wall distance

of 2.9 times the cylinder diameter. Their numerical
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simulations showed a similar trend. This result was at-

tributed to changes in the heat transfer mode from

convective to conductive. An interesting observation

made by Cesini et al. [3] was that for Rayleigh numbers

higher than 105, oscillations of the heat flux at the sur-

face of the cylinder appeared. However, the origin of

these oscillations was not investigated.

The case of vertical confinement is not as well doc-

umented as the horizontal one. A vertically confined

natural convection flow around a horizontal cylinder

has many practical applications, ranging from the

cooling of electronic components to the transport of oil

through pipelines below the water surface or at the sea

floor. Vertical confinement can produce a complex

combination of effects. Koizumi and Hosokawa [4] in-

vestigated a natural convection flow around a cylinder,

vertically confined by a ceiling, and reported on chaotic

and oscillatory movements of the air above the cylinder.

These authors gave a classification of the nature of the

flow above the cylinder, the classification depending on

the Rayleigh number and on the distance separating the

ceiling from the cylinder. Their experiments were carried

out with both conductive and adiabatic ceilings. In

contrast to the horizontal confinement case, it is not

clear what mechanisms are involved in the heat transfer

enhancement.
erved.
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Nomenclature

A velocity amplitude computed from the hor-

izontal and vertical components (in mm/s)

D diameter of the cylinder

H distance between the top of the cylinder and

the free surface

Nu Nusselt number

Pr Prandtl number

Ra Rayleigh number

U horizontal component of the velocity (in

mm/s)

W vertical component of the velocity (in mm/s)

b angular position of the sensor in �
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The objective of the present work is to investigate the

dynamics of the plume above a heated horizontal cyl-

inder, mounted in a water tank and vertically confined

by the water free surface. Thus, we expect to find a re-

lationship between the dynamics of the plume and the

increase in heat transfer over the top of the cylinder. The

work involves both investigation of heat transfer around

the cylinder and measurement of the hydrodynamics

field above it. Experiments are carried out with the focus

on identifying the effect of the free water surface on heat

transfer at the heated cylinder surface. In contrast to

Koizumi and Hosokawa [4], a free surface was chosen as

a boundary in the present work. This choice facilitates

generalization of the observation of oscillatory motions

of the plume and provides a complementary database

for the case of an adiabatic boundary, a case for which

the results of Koizumi and Hosokawa are limited.

The Digital Particle Image Velocimetry (DPIV)

technique, in which the velocity field is resolved in space

and time, is used to clarify the behavior of the thermal

plume above the cylinder. In addition to the quantitative

information it gives on the velocity amplitudes, the

technique also provides a qualitative insight into the

flow characteristics above the cylinder. Such a descrip-

tion has not been reported before in the literature.

The work is divided into three parts. Firstly, the heat

transfer characteristics around the cylinder are presented

for different cylinder-to-wall temperature differences and

for different separation distances between the cylinder

and the water surface. In order to extend the range of

Rayleigh numbers for the heat flux sensor calibration,

air was used as a fluid medium during some of these

experiments. In the second part of this study, the hy-

drodynamics is thoroughly investigated using DPIV.

The main characteristics of the natural convection flow

above the cylinder are presented and compared for dif-

ferent water surface elevations. Some features of the

oscillatory movement above the cylinder are identified

and the conditions for oscillation to occur are docu-

mented. In the last section, we explore the time varying

heat flux and surface temperature characteristics and

demonstrate the close relationship that exists between

the velocity field in the fluid and the heat transfer

characteristics at the wall of the cylinder.
2. Experimental rig and procedures

The experiments have been conducted in an alumi-

num tank, 700 mm high, 600 mm long and 300 mm

wide. Glass windows have been fitted on the sides of the

tank to allow for visual access to the flow. A plain

horizontal cylinder made of copper is fitted between two

of the glass windows, at 300 mm from the bottom of the

tank. The cylinder is 270 mm long, has an external di-

ameter D ¼ 30 mm and is internally heated using two

cartridge heaters (0.5 kW each). The cylinder is equipped

with a heat flux sensor (Micro-Foile heat flux sensor

model 27036-1-RdF). In addition to measuring the

surface heat flux, the sensor also measures the cylinder

surface temperature. The manufacturer specifies a re-

sponse time of 50 Hz. This sensor is similar to that used

by Murray [5]. A schematic of the tank, the cylinder and

the DPIV system is shown in Fig. 1a and b.

In the first part of this work, both air and water have

been used as fluid media in order to recalibrate the heat

flux sensor. In the second and third parts, water is used

as the test fluid. In the latter case, the water mass in the

tank was replaced by fresh water at ambient temperature

every 15 min, to avoid the effects of temperature drift

over large time scales. This procedure allowed us to limit

the increase in the average water temperature to ap-

proximately 2 �C throughout a given run typically 60

min long. All measurements were performed when the

natural convection flow reached a pseudo-steady state

during which the variation of the average heat flux at a

given point on the cylinder was not significant (i.e. the

time-averaged heat flux may vary significantly with po-

sition but not with time).

The factor H=D is the first control parameter of the

experiments (H is the distance between the water surface

and the top of the cylinder and D is the diameter of the

cylinder). Three water levels H will be investigated in

this study: H ¼ D=2, H ¼ D and H ¼ 3D. These levels

were selected following preliminary experiments that

showed that for water levels above H ¼ 3D, heat

transfer around the cylinder and the natural convection

hydrodynamics were not affected by the water surface.

The second control parameter (DT ) is the difference

between the cylinder surface temperature (Ts) and the



Fig. 1. (a) Schematic representation of the experimental set-up. (b) Side view of the tank.
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water bulk (T1). The water bulk temperature is mea-

sured close to the tank wall, at the same horizontal level

as the cylinder. This second parameter dictates the nat-

ural convection flow regime and is generally expressed in

the form of the Rayleigh number defined as:

Ra ¼ BgD3DTPr=t2

where B is the volumetric thermal expansion coefficient

of the fluid, g the gravitational constant, Pr the Prandtl
number and t the kinematic viscosity of water. All pa-

rameters are evaluated at the fluid �film� temperature
defined as:

Tf ¼
Ts þ T1

2

In the work reported here, the maximum Rayleigh

number was of the order of 107, meaning that the flow is

nominally still laminar.

The hydrodynamics of the flow is investigated using a

DPIV system. It consists of a Spectra Physics 32 mW

continuous He/Ne laser, a laser sheet generator, a Dalsa

CA-D6-0256 high speed CCD camera and a personal

computer equipped with two separate frame grabbers.

The low velocity amplitudes evaluated during natural

convection made the use of a continuous laser sufficient.

Neutrally buoyant polyamid particles with a nominal

size of 20 lm and a specific gravity of 1.02 were used for

seeding the water. The seeding concentration was opti-

mized to give the maximum number of particles without

supersaturating the liquid as well as yielding a high

statistical correlation (i.e. a high signal to noise ratio) of

the particle displacements within each interrogation

zone for DPIV. The laser beam was expanded into a 40

mm wide and 1 mm thick laser sheet at the control

volume using a plano-concave lens (focal length¼)50
mm) in parallel with a positive cylindrical lens (focal

length¼ 150 mm). The camera has a spatial resolution
of 260� 260 squared pixels and was configured to run at

a frame rate close to 38 fps. The length of the sequences

was 60 s, providing, on average, 2300 successive images

that were captured digitally into Windows Bitmap im-

ages for further processing. A MATLAB code using the

cross-correlation technique of two successive images has

been utilized to process the data. The code locates the

first and second peaks in the cross-correlation matrix

and then uses a Gaussian function fitting in order to

evaluate the sub-pixel velocity. In all the experiments,

the camera was directed towards an area located above

the top of the cylinder. The size of that area was 16

mm� 16 mm and has been kept constant for all tests.

Care was taken to maintain the tank in a stable hori-

zontal position during all experiments, i.e. to provide

vibration isolation from other equipment in the labo-

ratory.
3. Heat transfer characteristics around the cylinder

3.1. Calibration of the heat flux sensor

In addition to that carried out by the manufacturer,

another laboratory calibration of the heat flux sensor

has been conducted. The calibration consisted of mea-

suring the heat flux at the cylinder surface for different

circumferential positions of the sensor (achieved by ro-

tating the cylinder around its axis) and for different

Rayleigh numbers. The Rayleigh number was varied

either by changing the temperature of the cylinder sur-

face or by conducting tests in different fluids (air and

water). When water is used, the free surface was at a

distance of 250 mm from the cylinder. Preliminary ex-

periments showed that this distance is large enough to

neglect any effect of the free surface on the natural

convection flow. For each experiment, the profile of



Fig. 2. Time-averaged Nusselt numbers against Rayleigh

number compared with the empirical correlation of Morgan [6].

Fig. 3. Profiles of the local Nusselt number as a function of the

angular position for different Rayleigh numbers.
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local heat fluxes around the cylinder has been measured.

The corresponding local Nusselt number has been

computed for each heat flux as well as the average

Nusselt number around the cylinder. Fig. 2 depicts the

variation of the average Nusselt number (Nu) as a

function of the Rayleigh number (Ra). Morgan [6]

compiled datasets for natural convection around a he-

ated cylinder in unbounded fluid media from different

authors and came up with a correlation valid for a

Rayleigh number ranging from 104 to 107. The correla-

tion proposed by Morgan is plotted in the same figure. It

can be seen that our experimental data are consistent

with the empirical correlation.
Fig. 4. Profiles of local Nusselt numbers measured in water for

two different water heights.
3.2. Local heat flux profiles

The variation of the local Nusselt number as a

function of the angular position around the cylinder is

presented here for a range of Rayleigh numbers. In this

set of experiments, the cylinder was not bound in the

vertical direction; thus, for the tests in water, the water

level was distant from the cylinder.

Fig. 3 shows the local profiles of the Nusselt number

(Nu) measured at four different Rayleigh numbers (Ra).
As expected, the heat transfer is higher on the lower part

of the cylinder (b ¼ 0�) in all cases. For the three lowest

Rayleigh numbers, the same trend is observed; the graph

is flat for all positions up to an angle of b � 100�, fol-
lowing which it decreases over the upper part of the

cylinder. For the highest Rayleigh number, the decrease

in Nusselt number is almost continuous from b ¼ 0� to
b ¼ 180�. Kreith and Bohn [7] indicated, in a review of

empirical correlations for natural convection around a

cylinder, that the heat flux (therefore the local Nu) de-
creases with the angular position. However, these au-

thors did not mention any dependence of the trend on

the Rayleigh number.
3.3. Effect of vertical confinement on heat transfer

In this section, the effect of vertical confinement is

examined, using data obtained with water as a test fluid.

In order to gain preliminary insight, two extreme water

levels were investigated first: H=D ¼ 1=5 and H=D ¼ 4.

Fig. 4 shows the profiles of the local Nusselt number as a

function of the angular position for these water levels.

Despite the fact that the Rayleigh number is somewhat

higher, the profile measured at H=D ¼ 1=5 shows an

average Nusselt number considerably lower than that

measured for H=D ¼ 4. The shape of the two profiles is

similar but the ratio of the maximum to the minimum

(measured respectively on the lower and upper parts of

the cylinder) is different. Indeed, this ratio is around 2.4

for H=D ¼ 4 whereas a value greater than 6 is measured

in the other case.

The lower heat flux values observed for H=D ¼ 1=5
can be explained by the decay in the temperature dif-

ference between the cylinder and the free surface re-



Fig. 5. Profiles of local Nusselt numbers measured in water for

three different water heights.
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corded throughout the experiment. Thus, the horizontal

temperature difference used in the Rayleigh number

calculation is unchanged but the local temperature dif-

ference falls due to the rise in temperature of the smaller

volume of water above the heated cylinder. It is inter-

esting to notice that this reduced local temperature dif-

ference affects the whole cylinder.

Similar experiments have been carried out for inter-

mediate water levels, namely H=D ¼ 1 and H=D ¼ 1=2.
The local Nusselt number profiles are shown in Fig. 5.

The first point to note is that the average Nusselt

numbers are comparable for Rayleigh numbers of the

same order. However, the local variation in Nusselt

number is significantly different from the steadily de-

creasing profiles of Fig. 4. At these intermediate water

levels, the Nusselt number starts to increase at an angle

b � 150�. For these two test conditions (H=D ¼ 1 and

H=D ¼ 1=2), the Nusselt number on the upper part of

the cylinder reaches values comparable to or higher than

those measured on the lower part. It is interesting to

notice that the increase is more pronounced for

H=D ¼ 1. In order to interpret the increase in heat flux

on the upper part of the cylinder, time traces of the

Nusselt number have been examined. Fig. 6 shows time
Fig. 6. Time series of the Nusselt number comput
varying Nusselt numbers recorded at two different lo-

cations: b ¼ 0� and b ¼ 180� for H=D ¼ 1=2. The signal
recorded at b ¼ 180� shows very low frequency oscilla-

tions around the mean, with the oscillations covering a

range almost as large as the magnitude of the average

Nusselt number (�30). Oscillations such as these have

not been observed in the Nusselt number time traces
ed at two different positions for H=D ¼ 1=2.
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measured at H=D ¼ 1=5 or H=D ¼ 4. In the next section

it will be shown that these oscillations are associated

with an instability of the thermal plume above the cyl-

inder. This instability makes the whole plume move

from side to side, replacing the hot water close to the

cylinder by fresh water, thereby increasing the flux.
Fig. 7. Time-averaged velocity amplitude fields measured for

three different water heights.
4. Flow characteristics above the cylinder

Temporal and spatial variations of the vertical and

horizontal velocity components in a plane area ap-

proximately 16 mm high and 16 mm wide located im-

mediately above the cylinder have been measured using

the DPIV technique. The plane area under investigation

is normal to the axis of the cylinder. The results pre-

sented in this section have been obtained for three water

heights: H=D ¼ 1=2, H=D ¼ 1 and H=D ¼ 3. The ve-

locity field for a water height H ¼ D=5 has not been

investigated as the heat transfer did not show any os-

cillatory character. These experiments have been carried

out under similar thermal conditions, with a bulk water

to cylinder temperature difference of DT ¼ 15 �C. The
corresponding Rayleigh number is 6.3� 106.

The first quantity to be examined is the velocity

amplitude defined as:

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U 2 þ W 2

p

where U and W are the horizontal and vertical velocity

components respectively. Fig. 7 depicts the amplitude

fields, for the three water heights, averaged over the

duration of the experiments. The first point to note is

that the shape of the regions with high velocity ampli-

tudes is different in the three cases. For H=D ¼ 1=2, the
free surface effect is visible in the upper left part of the

frame where, in addition to the main plume, a region

with a relatively high velocity amplitude is observed.

This high velocity amplitude region, a secondary vortex,

moves downwards and is the result of the impact of the

main plume against the free surface. In this particular

case, the upper limit of the zone being viewed corre-

sponds to the water surface. When the free surface is

elevated to a height H ¼ D above the top of the cylinder,

such a secondary vortex is not visible as the free surface

is now half a diameter above the viewing zone. However,

it is clear that the width of the plume has increased.

When the free surface is elevated further to H ¼ 3D, the
shape of the plume is radically different from the pre-

vious ones. Indeed, the plume is narrower and the

highest velocity amplitudes are located close to the top

of the frame as opposed to the previous cases where the

maximum velocity was positioned close to the middle of

the frame. The differences in the maximum locations

are the direct result of the presence of the free surface

and the damping effect associated with it. When the
water surface is positioned higher than H ¼ 3D, the

shape of the plume does not seem to change.



Fig. 8. Horizontal profiles of the velocity amplitude measured

for three different water levels at a distance h ¼ 3H=4.
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In order to compare the evolution of the velocity

amplitude for the three water levels, Fig. 8 contains the

horizontal profiles of this quantity measured at a dis-

tance 3=4H above the top of the cylinder. The profiles

shown in this figure are time-averaged profiles. For the

profile measured with a water level at H=D ¼ 1=2, we
observe that the maximum, located slightly off the image

vertical axis, is accompanied by two local maxima at the

sides. These two lateral peaks originate from the counter

flow created by the plume impinging against the free

surface. The two side peaks disappear when H=D ¼ 1,

for which case the maximum velocity amplitude is

roughly twice that measured in the previous case. For

H=D ¼ 3, the profile is typical of a jet flow: symmetric

around the center, and decreasing towards zero at the

sides. The maximum in this case is 4 times higher than

that recorded at H=D ¼ 1=2.
It is interesting to look at the reasons why the plume

is wider in the second case, for H=D ¼ 1. To this end, a

frame-by-frame analysis of the velocity amplitude field

has been performed for the case where H=D ¼ 1. Fig. 9

shows snapshots of the instantaneous velocity amplitude

fields above the cylinder. The times at which the velocity

is measured are reported at the top of each frame. We

clearly see in this sequence that the plume, oriented
Fig. 9. Velocity amplitude snapshots measured at four different times during the same experiment for H=D ¼ 1.
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initially towards the left, moves slowly towards the

center of the frame, and then goes to the far right. The

time taken by the plume to move from left to right is

very slow, more than 5 s. This time is different from that

taken by the plume to go back to its initial position.

Indeed, it takes the plume roughly 20 s to complete a

total cycle. The same analysis has been done for the case

where H=D ¼ 1=2 and similar oscillations of the plume,

with slightly higher oscillation frequencies, have been

observed. However, the amplitude of the oscillations

was lower. Such lower oscillation amplitudes explain the

difference in heat flux enhancement between the cases

where H=D ¼ 1=2 and H=D ¼ 1. They also explain the

narrower plume observed in the first case.

In order to compare the plume motion in the three

cases, we show in Figs. 10 and 11 respectively the hori-

zontal and vertical velocity time series recorded at a

height 0:9H on the vertical axis passing through the

cylinder center. In each figure are reported the relevant

velocities for the three cases as well as the water height.
Fig. 10. Horizontal velocity time series measured for th
The horizontal component of the velocity shows, as

expected, large variations as a function of time for the

two first cases. For its part, where the free water surface

is far from the cylinder (H=D ¼ 3 or higher), the hori-

zontal velocity shows little or no fluctuations. The na-

ture of the horizontal velocity fluctuations in the cases

H=D ¼ 1=2 and H=D ¼ 1 are somewhat different. Thus,

we observe that the horizontal velocity has a significant

sine/cosine component for H=D ¼ 1, with a period of 20

s. The negative and positive fluctuations are equal in

magnitude (around )5 and 5 mm/s). For H=D ¼ 1=2,
this symmetry is not found. Indeed, the velocity tends to

be close to zero for most of the time (meaning that the

plume is stationary), and from time to time, the plume

moves quickly to the left (negative velocity) or to the

right (positive velocity). These intermittent plume mo-

tions are faster than those described for the case where

H=D ¼ 1.

The vertical velocity components shown in Fig. 11

lead to similar conclusions. Thus, this component is
ree different water heights at a distance h ¼ 0:9D.



Fig. 11. Vertical velocity time series measured for three different water heights at a distance h ¼ 0:9D.
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relatively constant for the case where H=D ¼ 3, indi-

cating a stable plume. The fluctuations are low in fre-

quency but large in amplitude for H=D ¼ 1, and are

faster and lower in magnitude for H=D ¼ 1=2. The time
series recorded for H=D ¼ 1 gives an indication of how

slowly the plume moves from one side to another. Thus,

if we consider that the vertical velocity is close to zero

when the plume is to one side, the time taken to move to

the other side is the time between two successive zeros.

That time interval is typically between 15 and 20 s.

The origins of the plume oscillation are not totally

clear. Amongst other possibilities, one can consider the

interactions between the secondary vortices above the

cylinder and the free surface. The existence of two vor-

tices, one at each side of the plume, is an unstable sit-

uation. Liu and Tao [8] investigated such a situation in a

natural convection flow above two vertical heated plates

mounted one parallel to the other. The flow was verti-

cally bound by a ceiling. These authors simulated nu-
merically the flow and observed large-scale oscillation

where the oscillation periods were Rayleigh number

dependent. The similarity with the current flow consists

in the way the vortices generated below the ceiling gave

rise to oscillations underneath them, in between the two

parallel plates. In the present case, the instability leading

to the oscillation at the cylinder level originates from a

differential horizontal movement of one of the secondary

vortices (with respect to the other) at the free surface.

The displacement of these vortices induces the move-

ment of the vertical plume to one side or another and,

therefore, triggers the oscillation at the top of the plume.

Such an instability is supported by the visualizations of

Koizumi and Hosokawa [4]. It is not clear from our data

how the instability of the vortices arises. One possible

explanation could be the asymmetry of the temperature

distribution at the free surface. Such an asymmetry

creates an unbalance in the buoyancy forces, drives the

thermal plume to one side and starts the oscillatory
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cycle. However, a strict evidence to support this scenario

cannot be presented here. Such evidence necessitates

measurements of the local instantaneous temperature at

various locations at the free surface.
5. Relationship between heat transfer and hydrodynamics

In order to have a better understanding of the rela-

tionship that exists between the velocity oscillations and

the heat transfer quantities measured at the cylinder

surface, a series of experiments has been carried out

where the velocity field has been measured simulta-

neously with the heat transfer characteristics. The dif-

ference in temperature between the cylinder surface and

the water bulk is DT ¼ 15 �C and the corresponding

Rayleigh number is 6� 106. The distance between the

water level and the top of the cylinder was equal to one

diameter of the cylinder (H=D ¼ 1). The temperature
Fig. 12. Vertical velocity time series measured at three different positio

measured at the surface of the cylinder.
was measured at the surface of the cylinder and below

the free surface, on the vertical line through the center

of the cylinder. The temperature and heat flux sensors

and the DPIV acquisition systems have been connected

to an external trigger so that the start of the acquisition

on both systems is synchronized.

Fig. 12 is a plot of the Nusselt number time series

(NuðtÞ) together with the vertical component of velocity

recorded at D=6, D=3 and D=2. The vertical velocity time
series recorded at the three positions shows many simi-

larities with the heat flux recorded at the cylinder sur-

face. Thus, during the first 20 s, the Nusselt number rises

and falls twice from less than 50 to more than 60.

During the same time interval, the vertical velocity

component exhibits similar behavior (from 0 mm/s to

more than 10 mm/s). This trend can be observed

throughout the experiment. However, some differences

can be noticed between the time series. For instance, the

variations in NuðtÞ become irregular (in terms of peri-
ns along the same axis and the simultaneous heat flux time series
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odicity) at a time t ¼ 60 s. That is not observed in the

velocity time trace. It is likely that these differences

originate from the fact that the two sets of time traces

are not measured at the same location. Indeed, the

DPIV measurement point at D=6 is located 5 mm above

the cylinder top. That means that fast, small-scale mo-

tion of water very close to the surface of the cylinder is

not likely to be captured by the DPIV system as set up

here. The velocity time series recorded at the three po-

sitions show a similar behavior, with the only difference

to be observed being in the amplitude of those velocities.

In order to confirm this difference in time scales be-

tween the quantities recorded at the cylinder and those

in the fluid, the time series of the temperatures measured

respectively at the surface of the cylinder and just below

the free water surface are plotted in Fig. 13. Here again,

we observe that both time traces are dominated by large-

scale oscillations. The difference resides in the number of

peaks observed in the two time series. Thus, the number

of temperature peaks measured below the water surface

is three, corresponding roughly to a period of 15 s. The
Fig. 13. Temperature time series measured at the sur
number of temperature peaks is higher at the surface of

the cylinder, corresponding to shorter periods, roughly

about 5 s.

Overall, these remarks confirm that a strong rela-

tionship exists between the movement of the plume and

the enhancement of surface heat flux at the cylinder.

However, it can be stated that the large-scale dynamics

that control the plume far from the cylinder differs

somewhat from the flow characteristics close to it. One

way to explain this comes from closer inspection of the

plume oscillations. Thus, it has been observed that when

the plume moves to one side, it does not stay in the same

position but undergoes small amplitude oscillations

about its new, mean position. Such secondary move-

ment, although not significant when viewing the plume

oscillation, can have important effects at the surface of

the cylinder.

In their experiments, Koizumi and Hosokawa [4]

carried out an analysis of the time varying heat flux in a

configuration similar to that investigated here. The ex-

perimental differences were in the boundary conditions
face of the cylinder and below the free surface.
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they imposed in place of the water surface used here.

Thus, their tests were conducted with air as a fluid me-

dium and with both a constant temperature ceiling and

an adiabatic ceiling. These authors also presented a di-

agram in which it is mentioned that for a flow similar to

that investigated here (Ra ¼ 6� 106 and H=D ¼ 1), the

thermal plume has a strong 3-D oscillatory and chaotic

behavior. Small-scale oscillations with periods of 2 s or

less were reported in that study, which is an order of

magnitude smaller than the periods measured here.

However, it is not clear if these periods are associated

with the chaotic small scales or oscillatory large scales. A

quantitative comparison with our results cannot be

made.
6. Conclusion

Vertical confinement of the natural convection flow

above a heated horizontal cylinder has been investi-

gated. It has been shown that conducting such experi-

ments in water with a free surface close to the cylinder

can increase the heat flux from the top of the cylinder.

However, for a very small cylinder to free surface sep-

aration (case where H=D ¼ 1=5), the Nusselt number

around the cylinder is dramatically reduced.

Investigation of the heat flux time series at the top of

the cylinder indicated the presence of large scale, near

periodic oscillations of the heat flux and temperature

recorded at the cylinder surface. These oscillations have

been further investigated using the DPIV technique. The

hydrodynamics fields showed that the thermal plume is

not stable and moves from one side of the vertical axis of

the cylinder to another.

The relationship between the oscillations in the cyl-

inder heat transfer characteristics and the hydrody-

namics has been investigated. In particular, it has been

shown that surface heat transfer at the cylinder oscillates

more rapidly than the global movement of the plume.

These differences originate from the secondary move-

ment of the thermal plume when it is positioned at one

side or another of the vertical axis through the cylinder

center.

This work shows that, for a Rayleigh number of the

order of 6� 106, the natural convection flow around a

heated cylinder, vertically bounded by a free surface, can

undergo a transition from stable to unstable when the
distance between the free surface and the cylinder is

roughly equal to the diameter of the cylinder. This in-

stability seems to disappear for low and large distances

as the heat transfer results for H=D ¼ 1=5 and H=D ¼ 3

suggest.
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